ABSTRACT. Standard test samples typically contain simulated defects such as slots machined normal to the surface. However, real defects will not always propagate in this manner; for example, rolling contact fatigue on rails propagates at around 25º to the surface, and corrosion cracking can grow in a branched manner. Therefore, there is a need to understand how ultrasonic surface waves interact with different crack geometries. We present measurements of machined slots inclined at an angle to the surface normal, or with simple branched geometries, using laser ultrasound. Recently, Rayleigh wave enhancements observed when using the scanning laser source technique, where a generation laser is scanned along a sample, have been highlighted for their potential in detecting surface cracks. We show that the enhancement measured with laser detector scanning can give a more significant enhancement when different crack geometries are considered. We discuss the behaviour of an incident Rayleigh wave in the region of an angled defect, and consider mode-conversions which lead to a very large enhancement when the detector is close to the opening of a shallow defect. This process could be used in characterising defects, as well as being an excellent fingerprint of their presence.
INTRODUCTION
Surface defects in metals, such as rolling contact fatigue (RCF) on rails, and stress corrosion cracking (SCC), generally have a much more complicated geometry than is considered in test calibration blocks [1, 2] . Typically, one considers a calibration based on a set of slots machined at 90° to the sample surface, and compares this to results from a real defect [3] . We have shown recently that, when considering the interaction of a Rayleigh wave with a surface-breaking defect, this is not always accurate [4] [5] [6] . For example, when considering a slot propagating at an angle to the surface, the reflection and transmission of Rayleigh waves show some angle dependence [5] . Furthermore, the signal enhancement as the incident and reflected wavemodes constructively interfere close to the defect shows a large dependence on the defect angle [4, 6] .
We consider here the effect of the geometry of a defect on its interaction with an incident surface ultrasonic wave when using scanning laser generation or detection of ultrasound. RCF is modelled simply as a defect propagating at an angle to the surface [5, 7] , and we consider the far-field and near-field behaviour and the effect of the changing local thickness. SCC is modelled as a defect machined normal to the sample surface with a small branch; this is a simplification of the complicated branching nature of SCC, but is a first step towards understanding the behaviour of ultrasound in the region of such cracking [2] .
EXPERIMENT AND MODEL DETAILS
The interaction of laser generated surface waves with surface-breaking defects has been investigated using finite element method (FEM) modelling using PZFlex, and with experiments [5, 8] . The measurement configuration is shown in figure 1 ; the generation laser is focussed into a line source, while the detection laser measures at a point. Rayleigh waves are generated and travel along the sample and are detected a certain distance from the generation point to allow transmission measurements to be carried out. When the generation laser is scanned over a defect and the detection point held fixed, this configuration is known as scanning laser line source, or SLLS [9, 10] . When the detection point is scanned (and the generation laser held fixed) this is scanning laser detection (SLD) [4, 6] . Several defect geometries in aluminium samples are considered, including simple angled defects (shown in figure 1 ), a wedge-shaped sample, and a set of thick samples containing branched defects (shown in figure 8 ).
The generation laser used for experiments is a pulsed Nd:YAG, with 1064 nm wavelength and a 10 ns pulse duration. This is focussed into a line of approximately 6 mm by 300 µm, oriented parallel to the surface defect, to allow good sensitivity to the defect as well as to give a directional signal in a suitable direction. The laser is filtered so that generation is in the thermoelastic regime to minimise damage. Such a generation pulse gives a broadband Rayleigh wave with a central frequency of 1.67 MHz [8] . Detection is performed using an IOS two-wave mixer interferometer which measures the out of plane displacement of the sample over a 200 µm diameter point [11] . This system was chosen due to the large bandwidth (125 MHz) and the fact that it will work on rough surfaces without the requirement of surface preparation.
The experimental set-up was modelled using PZFlex FEM software. For the wedge sample and the simple angled defects, the generation was modelled as a dipole loading force of 10 ns duration with boundary conditions set to prevent unnecessary reflections. This force was chosen to match the experimental results [5] . For the branched defects, we implemented a thermoelastic generation model, which considered the flow of heat and resulting expansion in the aluminium sample.
This set-up has been used to investigate the transmission and enhancement of Rayleigh waves in several sample geometries; angled defects, wedge and branched defects; results are detailed here.
ANGLED DEFECTS
It has been shown previously that, whilst reflection of Rayleigh waves has a dependence on crack angle, the transmission also has some angle dependence [3, [12] [13] [14] . This means that measurement of the depth of a defect using Rayleigh wave transmission must consider the crack angle when choosing a suitable depth calibration profile. There are several ultrasonic surface wave methods with potential for measuring crack angle [4] [5] [6] [7] 13, 14] ; here, we consider the behaviour of the signal enhancement [4, 6] .
Rayleigh wave enhancement at a defect has been considered by several groups [9, 10, 14, 15] . For a generation laser passing over the defect (SLLS), we observe enhancement due to constructive interference of the direct and reflected Rayleigh waves. Furthermore, the change in boundary conditions and shape of the generation area also lead to an enhancement. This has been highlighted as being useful for positioning defects [9, 10] . For the detection laser scanning over a defect (SLD) the generation conditions remain constant. However, for a crack which propagates at 90° to the sample surface constructive interference occurs between the incident and reflected Rayleigh waves, and also with the mode-converted surface skimming longitudinal wave. This mode-converted wave travels into the bulk of the sample and is thus quickly attenuated, hence the SLLS measurement will not see its influence [12, 15, 16] .
Enhancement is measured by considering the change in signal amplitude as a function of position [15] . For generation and detection points away from the defect the signal remains approximately constant, with some attenuation due to the changing separation between generation and detection. At the defect the signal is enhanced, and this amplitude can be compared to the reference amplitude away from the defect to give the signal enhancement. The behaviour of this enhancement with defect angle ( in figure 1) shows some interesting behaviour, which is illustrated in figure 2. For the SLLS measurement, the change in area of the generation laser remains the same for each angle. The boundary conditions will change slightly, as will the reflection coefficient, but this leads only to a small angle dependence of the signal enhancement. This is shown in figure 2 by circles (open for experiment, closed for model, showing excellent agreement), and can be explained by the change in reflection coefficient and concentration of the laser energy into a smaller thickness of sample [4] .
The enhancement of the signals for the SLD measurement, however, shows a much larger variation with crack angle (triangles in figure 2, calculated for a finite size detection point). Enhancements of up to 24 times the incident Rayleigh wave amplitude are observed FIGURE 2. Dependence of the out-of-plane signal enhancement on the angle of the defect (shown in figure  1 ) for d/λ=1.11, laser source (circles) or laser detection (triangles) scanned over defect.
for shallow angled defects [6] . This cannot be explained simply by interaction of incident and reflected Rayleigh waves, plus a surface-skimming longitudinal, and hence we must consider the behaviour within an angled defect. A simple model is that of an infinite depth defect, or a wedge.
ALUMINIUM WEDGE SAMPLE
We consider here an aluminium wedge of apex angle 10°. The B-scan from a FEM model for scanning the detection laser from the generation point to the wedge tip is shown in figure 3 . Below the dashed line (far-field, where the detection laser is away from the wedge tip) the incident Rayleigh wave and some reflected bulk wave modes are visible. In the near-field (above the dashed line) the wave pattern gets more complicated. We consider each section in turn.
Far-Field Behaviour
In the far-field, we can treat the wavemodes as simple Rayleigh and bulk wavemodes (longitudinal, shear) with the wedge modelled as having normal boundaries on top and bottom, and absorbing to the left (schematic shown in figure 4(a) ). Wave arrival times can be calculated using simple geometry and consideration of the reflected angles for simple reflections and for mode-conversions. The thickness of the sample at each bounce can then be calculated for a 10° wedge angle; 
where variables are defined in figure 4(a) . From this value, the distances d 1 , d 2 etc. can be calculated, and hence, from knowledge of the wave velocity, the arrival times of the waves can be predicted. These arrival times are shown plotted on the B-scan in the far-field in figure 4(b) ; excellent agreement is shown between these predicted arrival times and the actual arrival times of the wavemodes. 
Near-Field Behaviour
As the Rayleigh wave moves into a wedge-region, whether this is a wedge-shaped sample or an angled defect, the local thickness changes and this will affect what wavemodes can propagate. Figure 5 shows the dispersion curve for the group velocities of the fundamental A0 and S0 Lamb wave modes [12, 16] . For the thick samples, the surface wave present can be approximated as a Rayleigh wave. However, once the wave has travelled into the wedge-shaped area we must consider how the velocity changes as a function of the changing local thickness [4, [16] [17] [18] .
In a wedge or angled defect the frequency-thickness product will be small near the tip. The group velocity (c g ) can be calculated from the phase velocity (c p ) using
where d is the local thickness [16] . This can then be used to predict arrival times for a surface wave as a function of frequency, f. For this, the sample is split into N sections of width x and thickness d i . The travel time over a distance x N l is given by [4] 
The predicted arrival times for several waves are plotted on the near-field section of the Bscan in figure 6 . Only the S0 component at 0.5 MHz is shown; this mode tends to be predominantly in-plane at these frequency-thicknesses, and hence will be faint for this outof-plane model. A0 modes at frequencies of 0.1, 0.2 and 0.3 MHz are shown, clearly agreeing with the arrival times of the observed modes. This dispersive behaviour will depend on the angle of the wedge, and hence its contribution to the signal amplitude enhancement will have an angle dependence. We can use similar analysis to consider the enhanced signal when the detection point is at the wedge tip. This A-scan is shown in figure 7 (a), with the dispersive A0-like mode visible. This can be analysed using time-frequency analysis, with a sonogram shown in figure 7(b) with lines showing the calculated arrival times for each frequency. This clearly shows that the A0-like mode is detected, behaving as if the incident Rayleigh wave forms Lamb-like wavemodes as it propagates into a wedge or angled defect. This behaviour explains the wave pattern shown in figure 6 , and also the angle dependence of the signal enhancement alongside the concentration of the wave energy into the defect point [4] .
BRANCHED DEFECTS
An angled slot is an appropriate approximation for a number of surface defects. However, for defects such as stress corrosion cracking it is not clear how the branching of the defect will affect the signal transmission and enhancement. For this reason we have performed some initial studies of the reflection and transmission of Rayleigh waves with a defect consisting of a surface slot machined straight down into a sample, with a branch propagating at 45° to this crack, of various lengths, at either the opening or half way down the slot. A schematic of this sample is shown in the inset to figure 8(a). Figure 8(a) shows A-scans for the detection point a short distance from a surface breaking crack. In this case, we expect to see the large incident Rayleigh wave plus a reflected signal from the crack. This reflected signal will depend on the crack geometry; shown here is a comparison of the modelled signals for either a slot normal to the sample surface, or this same slot but with a branch on the left side. The change in reflected signal is clear. Figure 9 shows B-Scans for (a) the slot machined normal to the surface, and for adding a very small branch to this, of 0.25 mm length and at 45° orientation. In (b), this branch is at the top left of the crack, i.e. from the opening. The effect is significant; in (b), where the branch grows from the crack opening, the defect now behaves like an angled defect, with a large enhancement and the typical extended time signal when the detector is at the crack opening. In (c), the branch is placed half way down the crack (see inset to figure 8(a)); in this case the enhancement looks similar to the 90° crack, whereas extra reflections from the branch can be seen. The enhancement as these branches grow is shown in figure 8 (b) for each position; for a branch at the top of the crack, this enhancement behaves the same as for an angled defect.
CONCLUSIONS
The transmission of Rayleigh waves in the region of angled surface-breaking defects has a small dependence on the angle. Hence, to obtain an accurate depth profile, one must also have some knowledge of the internal geometry of the defect. We have shown that the signal enhancement when a laser detection point passes over such a defect has a significant angle dependence, and hence it may be possible to use this to gain an idea of a correct calibration to use [13] . This enhancement for shallow angles is due to the concentration of wave energy into a small volume, with the pattern due to the dispersive behaviour of Lamb-wave-like modes as the local thickness changes.
The addition of branching causes extra complications. However, if the branch is close to the top surface of the sample its angle becomes important when considering signal enhancement. If it is within the sample, the position is important when considering reflections.
